In line with the experimental design for near-term climate prediction toward the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, we perform ensembles of initialized decadal hindcast and near-future projection using three versions of the coupled atmosphere̶ocean model MIROC. In the present study, we explore interannual and multiyear predictability of tropical cyclone (TC) activity in the western North Pacific (WNP) using the initialized hindcasts and examine global warming impacts on TC activity in the near-future on the basis of near-future projections up to 2035.
Introduction
Near-term (i.e., decadal) climate prediction up to the year 2035 and conventional future projections for the end of the current century will be assessed in the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR5) and the Coupled Model Intercomparison Project Phase 5 (CMIP5) (Taylor et al. 2012) . On decadal timescales, in particular, the largescale climate changes associated with internal variability in the climate system must be considered along with the externally forced component related to global warming (e.g., Collins and Allen 2002; Meehl et al. 2009 ), because major uncertainties in decadal climate predictions have been found to be more closely related to the predictability of internal climate variations than to global warming (Hawkins and Sutton 2009) .
Recently, decadal climate prediction experiments have been performed with initialization; some studies (e.g., Smith et al. 2007 Smith et al. , 2010 ; Keenlyside et al. 2008; Pohlmann et al. 2009; Mochizuki et al. 2010 Chikamoto et al. 2012 Chikamoto et al. , 2013 have successfully predicted regional climate changes on decadal timescales. Smith et al. (2010) demonstrated skillful decadal predictability of the number of tropical cyclones (TCs) in the North Atlantic (NA) basin. Moreover, they highlighted the fact that both internal variability and external forcing are responsible for the recent increase in TC numbers in the NA and demonstrated that model initialization improves prediction skill, mainly through better predictions of tropical Pacific and North Atlantic Ocean conditions. In the western North Pacific (WNP), Chikamoto et al. (2012, hereafter CH12) demonstrated the predictive skills of upper ocean temperature on decadal timescales using initialized hindcasts and demonstrated that the rapid increase in sea surface temperature (SST) anomalies during the late 1990s was predictable. These results give us a hope for better decadal or multiyear predictions of TC activity in the WNP. However, the possibility of skillful decadal or multiyear prediction has not been examined yet.
On the other hand, the possible influence of global warming on TC activity (including genesis number, genesis location, and intensity) has been the subject of considerable research in recent years because of its social (as well as scientific) importance. A number of studies have suggested that TC intensity and global TC Vol. 91, No. 4 Jounal of the Meteorological Society of Japan 432 number would increase and decrease, respectively, under global warming (e.g., Sugi et al. 2002; McDonald et al. 2005; Oouchi et al. 2006; Gualdi et al. 2008; Zhao et al. 2009; Murakami et al. 2012 ). However, there seems to be no clear consensus on the impacts of global warming on TC genesis number on a regional basis (e.g., Sugi et al. 2009; Knutson et al. 2010) . For the WNP basin, some studies (e.g., Bengtsson et al. 2007; Li et. al. 2010; Murakami et al. 2011) have projected a decreasing trend, whereas others have projected an increasing trend (e.g., Stowasser et al. 2007; Emanuel et al. 2008 ). Majority of these previous studies assessed changes in TC activity at the end of the present century; consequently, no study to date has addressed near-future (NF) changes in TC activity in the WNP, although Villarini and Vecchi (2012) addressed projected changes in TC genesis frequency in the NA.
In line with the experimental design for near-term climate prediction toward IPCC AR5 and CMIP5, we performed ensembles of initialized decadal hindcasts and NF projection using three versions of the Model for Interdisciplinary Research On Climate (MIROC) (Mochizuki et al. 2010 Chikamoto et al. 2012 Chikamoto et al. , 2013 . In the present study, we explore the interannual and multiyear predictability of TC activity in the WNP using these initialized hindcasts. Examination of multiyear predictability in the WNP is more challenging than that in the NA basin, because various largescale systems (e.g., the Asian summer monsoon) play important roles in TC genesis and location in addition to SST, which is a dominant factor affecting TC activity in the NA (Chia and Ropelewski 2002; Chen and Lin 2011) . Here, we also examine the impacts of global warming (i.e., forced response to global warming) on TC activity in the WNP in the NF using the NF ensemble projection of global warming up to the year 2035. Moreover, we adopt a multimodel ensemble approach to determine the aspects of predicted and projected changes that are consistent between models.
The remainder of this paper is organized as follows. Section 2 describes the model, experiments, and analysis methods. In Section 3, we evaluate the predictability of TC activity in the WNP on interannual and multiyear timescales. The results of projected NF changes in TC activity are shown in Section 4, where we also discuss possible mechanisms underlying the projected NF changes paying attention to changes in environmental conditions. Finally, Section 5 presents a summary and discussion of the results.
Methods

Model
The 
Experimental design
Before addressing the details of the experimental settings in each model, we first explain the experimental procedure, which is common among the models. A schematic figure of the experimental design for MIROC5 is presented in Fig. 1 as an example. We conduct the following experiments using each of the three versions of MIROC. After a control experiment with fixed external forcing at the preindustrial 1850 level (MIROC3m and MIROC5) or the 1950 level (MIROC4h), we perform the ensemble twentieth century climate simulation (referred to as NoAS), in which the models are integrated with prescribed historical natural and anthropogenic forcing such as greenhouse gases, aerosol concentrations, solar cycle variations, and major volcanic eruptions. These NoAS simulations are started from different initial states obtained from the control simulation. Therefore, each member includes a different phase of internally generated variability, such as the El Niño Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO). The ensemble NoAS simulation is extended up to the year 2035 with future emission scenarios as the subsequent future projection (FPOI). The forcing datasets in NoAS and FPOI are also used as boundary conditions in other experiments. Furthermore, to obtain realistic coupled atmosphere̶ocean initial conditions, we perform an ensemble data assimilation (ASSM) experiment by adopting an anomaly assimilation approach . The observed upper ocean temperature and salinity anomalies defined by deviation from the climatology are incorporated into the model anomaly by an incremental analysis update scheme (Bloom et al. 1996) . The model climatology is defined by the NoAS experiment. The observed temperature and salinity anomalies, obtained from the gridded monthly objective analysis produced by Ishii et al. (2006) and Ishii and Kimoto (2009) , are linearly interpolated to each day and to the ocean model grid. The analysis increment estimated from a spatiotemporally invariant model-to-observation ratio in analysis errors is incorporated into the model as constant forcing in the model tendency equation during an analysis interval of one day. Although all the ensemble members in the ASSM experiment tend to have the same phase of oceanic internal variation influenced by the incorporated observed data, our simple assimilation approach would leave an appropriate amount of difference among the model trajectories in the phase space, particularly in the atmospheric high-frequency states. From the ASSM experiment, we obtain pairs of atmospheric and oceanic initial conditions and conduct a subsequent ensemble hindcast (HCST) experiment. As described below and summarized in Tables 2 and 3 , the experimental settings and the number of ensemble members vary among the experiments using MIROC3m, MIROC4h, and MIROC5.
The experimental settings in MIROC3m are almost the same as those in Mochizuki et al. (2010) , excluding the hindcast interval. In MIROC3m, each ensemble Vol. 91, No. 4 Jounal of the Meteorological Society of Japan 434 experiment consists of a 10-member ensemble ( Table  3) . We perform a 10-member ensemble NoAS simulation for the period 1850̶2000 using historical external forcing and an FPOI experiment for the period 2001̶2035 with the A1B-type emissions scenario (Nakicenovic et al. 2000) . From the 10 members of the NoAS experiment, we obtain 10-member initial states for January 1, 1945 and conduct a 10-member ensemble ASSM experiment for 1945̶2010. During data assimilation, temperature and salinity anomalies observed in the upper 700 m of the ocean (Ishii et al. 2006) are incorporated into MIROC3m. On the basis of the 10-member ASSM experiment, we obtain 10-member initial states and conduct 47 sets of 10-year 10-member HCST experiments starting on January 1 each year throughout the period 1960̶2006. However, the predictions starting in the year 2006 are extended for 30 years, up to December 31, 2035, under the A1B-type emissions scenario. In MIROC4h, we conduct a three-member ensemble NoAS experiment for 1950̶2005 using the historical forcing dataset for CMIP5 and perform an FPOI experiment for 2006̶2035 with the emissions scenario of the Representative Concentration Pathway (RCP4.5; Moss et al. 2008 Moss et al. , 2010 . However, we use only one member of the NoAS experiment in the present study because the other members do not have the six-hourly outputs necessary for the analysis of TCs. The data assimilation procedure is somewhat different from that of MIROC3m. In terms of horizontal resolution, a small-scale eddy in the ocean is resolved in MIROC4h but not in the observations. When we assimilate the observations with a 1°× 1°h orizontal grid into the eddy-resolving MIROC4h, the analysis increment estimated by our system adopted in MIROC3m acts to reduce the small-scale eddy. To retain the small-scale eddy represented in the model, only a large-scale component of the analysis increment estimated from a spatially smoothed field is incorporated into MIROC4h . The observed temperature and salinity anomalies from the surface to 3,000 m depth (Ishii and Kimoto 2009) (Hoffman and Kalnay 1983) on the basis of a one-member ASSM experiment; for example, for the hindcast starting on January 1, 1991, we define the initial conditions from snapshots of the ASSM results on July 1, 1990 , October 1, 1990 , December 1, 1990 , and January 1, 1991 In MIROC5, we conduct a three-member ensemble NoAS experiment for 1850̶2005 and an FPOI experiment for 2006̶2035 using the same forcing data as MIROC4h. For the FPOI experiment, we perform additional three sets of three-member ensemble experiments using the RCP2.6, RCP6.0, and RCP8.5 future emission scenarios (Moss et al. 2008 (Moss et al. , 2010 . Similar to the MIROC3m case, we conduct a threemember ensemble ASSM experiment for 1945̶2010, in which the observation data used is the same as that in MIROC4h. We conduct 47 sets of 10-year sixmember ensemble HCST experiments starting every year on January 1 for the period 1960̶2006, and the predictions starting in 2006 are extended for 30 years to December 31, 2035. Because of restricted computational resources, on the basis of only twomember ASSM experiments, we obtain six ensemble members from the LAF method with the previous three-and six-month lags; for example, for the ensemble HCST experiment starting on January 1, 1960, we define the initial conditions using snapshots 
Detection algorithm for tropical cyclones
In this study, TCs are detected from six-hourly model outputs on the basis of a set of criteria. Because the resolution of the models is insufficient to simulate realistic TCs, the intensity of simulated TCs is weaker than that of real TCs. However, disturbances with TClike structures are generated even in MIROC3m, the lowest resolution model. Therefore, the threshold values of criteria for detecting simulated TCs should be more lenient than those for real TCs. Furthermore, because model specifications such as resolution and parameterization schemes are different for each model, it is necessary to optimize different threshold values of the criteria for each model in order to appropriately detect simulated TCs (e.g., Yokoi and Takayabu 2009; Murakami et al. 2012 ). The thresholds are optimized for each model to ensure that the present-day (PD) annual mean TC number in the WNP basin matches that observed (approximately 27 per year for the period 1979̶2007). We adopt the following criteria, and the threshold values are summarized in Table 4 .
1) The candidate for TC center is a grid point at which the sea level pressure is lower by at least a chosen threshold (Pt ), than the mean over the surrounding 7°× 7°grid box. 2) At the TC center, the magnitude of the relative vorticity at 850 hPa exceeds a chosen threshold (ζt). 3) Near the cyclone center, the maximum wind speed at 850 hPa exceeds a chosen threshold (Vt). 4) There is an evident warm core aloft; namely, the sum of the temperature deviations at 250, 500, and 850 hPa exceeds a chosen threshold (Tt). The temperature deviation for each level is computed by subtracting the mean temperature over the surrounding 12°× 12°grid box from the maximum temperature near the center.
5) The maximum wind speed at 850 hPa is greater than that at 250 hPa during the first few time steps (St) of the dataset. 6) Criteria 1̶4 are satisfied for at least a specified time period (Dt). These criteria are based on previous studies (Sugi et al. 2002; Murakami et al. 2011 ) with some modifications. The target area is set as the WNP (defined here as 100̶ 180°E, 0̶45°N), but the genesis locations of TCs are limited to the ocean in the region 0̶30°N.
A tracking program is developed to search for TCs near the location of the TCs found in the previous time step of the dataset, and the tracks are computed for each TC event. TC positions along the track are counted in each 5°× 5°grid in the WNP at six-hour intervals. The total count for each year and grid box is defined as the TC occurrence frequency (TOF). Similarly, the total count of the TC genesis positions is defined as the TC genesis frequency (TGF). The genesis position is defined as the first position at which all the criteria are satisfied.
Observational data
The observed TC best-track data provided by the U. S. Navys Joint Typhoon Warning Center for the WNP is used to evaluate the TC prediction in the presentday simulation. We select only TCs with tropical storm intensity or stronger (i.e., TCs that possess 1-min sustained surface wind of 35 knots or greater). The SST data used is from the gridded monthly objective analysis by Ishii and Kimoto (2009) , and atmospheric variables are obtained from the reanalysis dataset of the Japanese 25-year Reanalysis Project (JRA-25; Onogi et al. 2007 ). We also use the National Oceanic and Atmospheric Administration interpolated outgoing longwave radiation (OLR) data for measures of tropical convective activity.
In the present study, for both observations and simulations, annual mean climatologies are defined as the averages during 1979̶2007 and the yearly anomalies are defined by deviations from these averages. For the simulations, the climatology of each model is computed from NoAS and ASSM experiments to increase the data sample. Because we use anomaly assimilation techniques, the contribution of assimilated observations to the climatology is small and negligible.
Climate drift
To distinguish climate signals from unrealistic signals arising from model climate drift during prediction, the drifts are estimated and excluded from 
where A is the model-predicted yearly anomaly of interest, such as SST and TGF; e = 1, …, M is the ensemble member; j = 1, …, N is the number of prediction sets initialized from 1960̶2006 (1991̶ 2006) , that is, N = 47 (N = 4) in MIROC3m and MIROC5 (MIROC4h); k is a prediction set of interest; and τ is the prediction lead time. In MIROC5, for example, the drift in the prediction starting in the year 2006 is computed from the 46 sets of prediction data for 1960̶2005. As shown in CH12, the HCST experiment in MIROC5 displays an El Niño-like drift pattern. Although we use anomaly assimilation techniques to reduce the model climate drift, an inconsistency in thermocline depth between the observation and model simulation may result in model drift. However, the model drift is small and negligible in both MIROC3m and MIROC4h.
Multimodel ensemble
To reduce model biases and uncertainty for simulated and predicted TCs in each model, two types of multimodel ensemble approaches are adopted in this study. The first is a simple average, in which the ensemble mean is computed in each model; then, the ensemble means are averaged without weighting. This simple multimodel ensemble is applied when we evaluate the TC count for the entire WNP. The second approach is a weighted average method. In the prediction, it is difficult to detect a significant increase (decrease) in TGF at a grid cell where TGF is overestimated (underestimated) in the PD simulation. As a result, model biases in the PD simulations in terms of TGF spatial distribution are inherited to the hindcast and future change projection (Murakami et al. 2012) . Therefore, a weighted model ensemble average is applied, in which we evaluate the horizontal distribution of variables such as TGF and TOF following Murakami et al. (2012) :
where w is weighting; i = 1, …, L is the number of models; R is the root mean square error (RMSE); and T is the Taylor skill score (Taylor 2001) of the simulated TGF climatology, calculated with reference to the observed climatology ( Table 5 ). The Taylor skill score, which is a combination of the spatial variance and spatial correlation, ranges from 0.0 (no skill) to 1.0 (perfect skill). With this weighting method, the simulations using MIROC3m, MIROC4h, and MIR-OC5 contribute 12%, 38%, and 50%, respectively, to the multimodel ensemble mean. In terms of the HCST experiment, MIROC4h has only four prediction sets (starting on January 1 of 1991, 1996, 2001, and 2006) ; therefore, the simulations using MIROC3m and MIROC5 contribute 20% and 80%, respectively, to the multimodel ensemble mean in the other 43 prediction sets. The reproducibility of the simulated TGF climatology is better in MIROC4h and MIROC5 than in MIROC3m ( Table 5 ). The main difference in atmospheric model configuration between MIROC4h and MIROC3m is horizontal resolution, whereas that between MIROC5 and MIROC3m is model physics. This suggests that both resolution and physics are important in improving the reproducibility of TGF and TOF.
The simulated TGF and TOF climatology defined by the weighted multimodel ensemble mean is compared with the corresponding observations (Fig. 2) . Qualitatively speaking, TGF is reasonably well simulated and exhibits two maxima: one over the South China Sea and the other to the east of the Philippines. However, the multimodel ensemble overestimates the maximum value over the South China Sea and underestimates it east of the Philippines. Accordingly, the observed TOF maximum over the northeast Philippines is underestimated in the simulations (Fig. 2d) .
Present-day simulation
Interannual variation in TC number
Now, the predictability of TC activity on an interannual timescale is investigated through HCST experiments; the multiyear predictability is also explored. Figure 3a 
MIROC3m
MIROC4h MIROC5 the observed year-to-year variation well, even though only the observed oceanic temperature and salinity are assimilated. The correlation coefficient between these two variables is 0.73 during this period, which is statistically significant at the 99% confidence level (two-sided Studentʼs t test). Part of this high correlation can be attributed to the multimodel ensemble approach: the correlation coefficients are 0.59, 0.62, and 0.58 for MIROC3m, MIROC4h, and MIROC5, respectively, and they are also statistically significant at the 99% confidence level. Some recent studies demonstrated that the interannual variation is simulated reasonably well using the high-resolution atmospheric general circulation model (AGCM) when forced by the observed SST (Zhao et al. 2009; Murakami et al. 2011 Murakami et al. , 2012 ; our result agrees well with these studies. This high correlation indicates that this system can be used for the prediction of annual mean TC behavior. This is further confirmed by the fact that a series of first-year predictions in HCST experiments capture the observed interannual variation reasonably (Fig. 3b) . The correlation coefficient between the best-track and multimodel ensemble mean of the first-year prediction is 0.46, with statistical significance at the 95% confidence level. This relatively low value can be attributed primarily to the less skillful prediction from the late-1980s to the mid-1990s, although prediction has been more skillful during recent years (correlation is 0.74 for 1997̶2006). While the correlation coefficient between the NoAS experiments and besttrack is 0.20 (Fig. 3c) , the relationship is not statistically significant. Therefore, the reasonable prediction in the HCST experiment is the result of initialization.
Interannual TC variability associated with
ENSO It is well known that the ENSO is the most prominent variability affecting interannual variation of TC activity in the WNP (e.g., Chan 2007; Wang and Chan 2002; Chia and Ropelewski 2002; Camargo et al. 2007) , and ENSO has a particular influence on the mean location of TC genesis: TCs tend to form over the southeastern part of the WNP during El Niño years. To examine the predictability of interannual variability in TGF and TOF associated with ENSO, correlation and regression maps between the annual mean observed Nino3.4 index and the TGF/TOF anomaly for ASSM and first-year prediction in HCST are compared with the corresponding observations (Fig. 4) . In ASSM, because the TGF fields are noisy, small- scale structures are somewhat different from those observed (Fig. 4b) . However, the large-scale features, in which TC genesis is enhanced over the southeastern part of the WNP basin and suppressed over the northwestern part, correspond well with observations. In the HCST, the observed large-scale features are well predicted in the first-year prediction, although the enhanced region tends to be slightly elongated southward and westward (Fig. 4c) . The observed TOF variation associated with ENSO is characterized by enhancement of frequency over the central and southeastern parts of the WNP basin and suppression over the South China Sea (Fig. 4d) ; these features are also well simulated and predicted in the ASSM and HCST experiments, respectively (Figs. 4e and 4f). Consistent with the bias in TGF, the TOF predictions also exhibit bias in that the enhanced region tends to be elongated slightly southward and westward (Fig. 4f) . Wang and Chan (2002) highlighted that the lower tropospheric relative vorticity anomalies induced by ENSO act as primary controls of the variation of the mean TC genesis location associated with ENSO over the southeastern part of the WNP. El Niño induces pronounced equatorial westerly wind anomalies and large meridional wind shears, and the low-level vorticity generated acts to help spin up TCs by increasing moisture convergence and entraining potential vorticity into TCs. As a result, the southeastern part of the WNP favors TC generation. Therefore, to make a skillful prediction of TGF variability associated with ENSO, both SST and the low-level vorticity response to ENSO must be well predicted. To check the predictability of ENSO and lower tropospheric vorticity fields, the annual mean anomaly of SST and 850 hPa relative vorticity (denoted as ζ850) for the observation, ASSM, and firstyear prediction in HCST are regressed upon the observed Nino3.4 index (Fig. 5) . Although the predicted magnitude of SST and ζ850 in HCST are somewhat weaker than those in the observations and ASSM, the horizontal structures of both variables are well predicted. SST exhibits an El Niño pattern over the Pacific, and positive ζ850 anomalies are induced over the southeastern part of the WNP (Fig. 5c) . Thus, we can conclude that the skillful first-year prediction of TC activity associated with ENSO appears to originate in the skillful prediction of SST and the atmospheric low-level large-scale circulation induced by ENSO. These results indicate that the models can reproduce the major basic mechanisms that link TC genesis with large-scale circulation.
The predicted positive SST anomaly over the equatorial western Pacific in HCST tends to penetrate further west (around 140°E) than that in the observations and ASSM. This SST bias induces unrealistic positive ζ850 anomalies that slightly extend the positive response southward and westward to around 130̶140°E. The biases in TGF and TOF are likely caused, to a large extent, by this ζ850 bias. Therefore, it is suggested that a more accurate prediction of the El Niño pattern over the equatorial western Pacific is required for more skillful prediction of TGF and TOF variability associated with ENSO.
It should be noted that the model ensemble mean of the HCST experiment is composed primarily of MIROC3m and MIROC5 because MIROC4h has only four prediction sets starting from the years 1991, 1996, 2001, and 2006 . Therefore, these results imply that the model can skillfully predict TGF and TOF variation associated with ENSO regardless of model resolution if SST and atmospheric large-scale fields associated with ENSO are well predicted in the model. This is confirmed by the good result obtained when the prediction sets from MIROC4h are discarded (figure not shown).
To evaluate the time span over which the TGF associated with ENSO remains predictable, the pattern correlation of the regression map between the observations and predictions is calculated in the WNP as a function of prediction lead time (Fig. 6) . The correlation coefficient of first-year prediction is 0.52, with statistical significance at the 95% confidence level; this is clearly higher than the NoAS experiment coefficient of 0.08 (two-sided Studentʼs t test 1 ). Therefore, the reasonable skill in first-year prediction for 1960̶2006 based on observations (top panels), ASSM (middle), and first-year prediction in HCST (bottom). The weighted multimodel ensemble mean is adopted in the simulation. The correlation and regression coefficients are represented by contour and shading (units: yr −1 K −1 ), respectively. Anomalies significant at the 95% confidence level or higher are stippled (two-sided Studentʼs t test). The contour interval is 0.1, negative contours are dashed, and the zero contours are omitted. is found to be the result of initialization. The coefficients of HCST decrease as the lead time increases and are not statistically significant after the second-year prediction. This limitation in predicting more than one year is likely caused by the prediction limit of ENSO (Kirtman et al. 2001 ).
Multiyear predictability of TC activity
We also explore multiyear predictability of TC activity. Because reasonable predictive skills for upper ocean temperature on decadal timescales have been demonstrated in the WNP basin using initialized hindcasts performed by MIROC models (CH12, the same model used in the present study), it is expected that multiyear TC activity in the WNP will be predictable through reasonable SST prediction. To investigate the possibility of multiyear prediction, time series of TC count anomalies averaged over 1̶3 and 1̶ 5 lead years in HCST are compared with the corresponding observations (Fig. 7) . For each threeand five-year mean series, the correlation coefficients between the predictions and observations are −0.07 and 0.09, respectively, for 1979̶2006. These statistically insignificant coefficients indicate the difficulty in predicting TC genesis number a few years ahead, even when SST is predicted skillfully. As stated in the Introduction, unlike the NA basin, not only SST but also the various atmospheric large-scale systems play important roles in TC genesis in the WNP basin (Chia and Ropelewski 2002; Chen and Lin 2011) . Furthermore, there is no significant trend of TC numbers in the WNP, unlike in the NA basin. These factors seem to make multiyear predictions in the WNP more difficult than that in the NA. However, it should be noted that when particular years are studied, the predicted number of TCs shows good agreement with the observed number (Fig. 7) ; for example, both 1̶3-and 1 ̶5-year hindcasts started in 1998 predict a prominent negative number anomaly well.
Multiyear predictability associated with climate shift
Recently, CH12 showed that the observed SST anomalies in the western subtropical Pacific of both hemispheres increased rapidly from the early 1990s to the early 2000s, whereas those in the tropical Pacific exhibited a La Niña-like pattern. Moreover, it has been shown that the initialized hindcast can capture the pattern of the SST increase. Thus, CH12 suggested a possible relationship between this climate shift in the Pacific and the abrupt increase in TC occurrence frequency in the vicinity of Taiwan, which was revealed by Tu et al. (2009) ; however, this relationship has not been examined in detail.
To detect the major spatiotemporal structures of TC activity that are most highly correlated with SST, we perform a singular value decomposition (SVD) analysis between the observed three-year-mean TGF and SST. The heterogeneous regression maps and time series for the leading mode are shown in Fig. 8 mode is 80% and the correlation coefficient of the two time series is 0.93, indicating a strong connection between TGF and SST. The time series demonstrate that the polarity of this mode changed abruptly during the late 1990s (Fig. 8c) , and the SST anomalies associated with this mode exhibit a La Niña-ike pattern that well resembles the climate shift pattern detected in CH12 (Fig. 8b) . Furthermore, the pattern of observed TOF variation associated with this mode (Fig. 9) is similar to that presented by Tu et al. (2009) , which is characterized by an increase in TOF anomalies around Taiwan and a decrease in other regions. Therefore, this mode can be considered to correspond to the climate shift documented during the late 1990s in CH12. These results indicate that the abrupt changes in TC activity are strongly affected by the oceanic climate shift. As shown in CH12, the SST change associated with the climate shift is predictable in our HCST experiments, which is encouraging for better multiyear prediction of TC activity associated with the climate shift during the late 1990s.
We also investigate the predictability of TC activity associated with this climate shift using three-yearmean HCST experiments. We concentrate on the 1̶3-year hindcast starting in 1998, because it exhibits good prediction of the number of TCs (Fig. 7a) . Figures 10a̶ c illustrate the observed TGF, TOF, and SST anomalies averaged over 1998̶2000 and the corresponding prediction starting in 1998; in this case, the prediction is based on the multimodel ensemble means of MIROC3m and MIROC5. The observed horseshoeshaped pattern of SST warming in the WNP is reasonably predicted, but the La Niña-like cooling is overestimated over the western equatorial Pacific around 130̶160°E, and the meridional expansion of the cooling is weaker than that observed over the southeastern part of the WNP around 170̶180°E (Fig.  10c) . The observed TGF exhibits a La Niña-like pattern that is consistent with SST change (Fig. 10a ; see also Fig. 4a , in which the polarity is opposite); that is, TC genesis is suppressed and enhanced over the southeastern and northwestern parts of the WNP, respectively. The signal of this large-scale suppression is simulated in the prediction, although the signals lie slightly westward and southward of the observations (Fig. 10a) . Furthermore, the prediction underestimates the enhancement of TC genesis over the northwestern part of the WNP. These errors are naturally inherited in the TOF prediction (Fig. 10b) . The prediction errors in SST appear to be responsible for those in TGF and TOF, because the SVD analysis indicates a strong relationship between TC activity and SST. It should be noted that similar aspects are obtained even in the 2̶3-year hindcast starting in 1998 (Figs. 10d̶f) , indicating that the hindcasts with more than one year of leading time also capture the observed characteristics reasonably well and contribute to the predictability.
Although the observed major characteristics for each variable seem to be predicted reasonably well in our 1̶3-year hindcast, the pattern correlation coefficient (0.40) between the predictions and observations of TGF in the WNP is statistically insignificant (TOF and SST are significant at the 90% confidence level, according to the two-sided Studentʼs t test), mainly because the negative anomalies are out of position. However, the predicted TGF anomalies obviously occur in response to the predicted La Niña-like SST anomaly. Therefore, we can regard these results as promising, and it is anticipated that the improvement of SST prediction associated with climate shift will allow better prediction of multiyear TC activity associated with the shift.
Although CH12 indicated that rapid SST warming can be explained partly by the forced component related to global warming signals, the pattern correlation coefficient for TGF between the observations and NoAS experiment is 0.03 (figure not shown); this is clearly lower than that in the initialized prediction. This indicates that the pattern of TGF response is sensitive to the shape of the underlying SST, because the SST anomaly in the NoAS experiment does not show La Niña-like cooling over the western equatorial Pacific (figure not shown).
Projected near-future change
TC genesis number
Potential NF changes in TC activity in the WNP have been investigated by future ensemble projection August 2013 M. MORI et al. 443 Fig. 9 . Three-year mean observed TOF anomalies (units: yr −1 ) regressed upon the SVD index for SST shown in Fig.  8(c) .
from 2006 to 2035. Because it is assumed that initialization has no impact on projections 30 years into the future, both uninitialized predictions (FPOI) and initialized predictions for 2006̶2035 are used without distinction (36 members are used), and we concentrate on the estimation of NF changes related to global warming (i.e., forced response). Figure 11 illustrates the time series of annual mean TC count anomalies in the WNP for the multimodel ensemble mean of the 30-year future projection, revealing a decreasing trend in TC genesis number; this trend is statistically significant at the 95% confidence level for the period 2006̶2035. The projected NF changes in annual mean genesis number are estimated by the difference between the PD simulation (1979̶2007) and NF projection (2016̶2035) for multimodel ensemble mean and ensemble mean in each model (Fig. 12 and Table 6 ); the ASSM and NoAS experiments are used as the PD simulation. In all models, the mean genesis number decreases significantly in the NF. The ensemble spread of the projection for each model indicates that there are no significant differences in the decreasing number among models. The annual total number of TCs in the multimodel ensemble mean is 22.8 for the NF projection, representing a reduction of 13.6% compared with the PD simulation. Although this reduction is smaller than that estimated by previous studies assessing potential far-future change when the global warming signal is prominent (see Table S1 in the review of Knutson et al. 2010) , it is statistically significant at the 99% confidence level. This indicates a possibility that the TC genesis number would decrease significantly even in the near-future when global warming is less prominent than that at the end of this century. To estimate the extent to which future emission scenarios could make significant differences in the NF projection in terms of the number of TCs, the NF changes in the annual mean genesis number projected by MIROC5 under RCP2.6, RCP6.0, and RCP8.5 scenarios are compared with those under the RCP4.5 scenario (Fig. 12 and Table. 6). The mean decreases in numbers and ensemble spreads in each projection indicate that the projection uncertainty arising from the scenario is small, at least in the NF, which is consistent with Villarini and Vecchi (2012) . However, it should be noted that there are only three ensemble members in the three additional scenario experiments; therefore, internal variability (such as ENSO and PDO) can affect the mean decreases in number and spread. Therefore, the number of ensemble members must be increased to obtain a more reliable estimate of the uncertainty arising from the use of various emissions scenarios. Figure 13 illustrates the projected NF change from a PD simulation for weighted multimodel ensemble means of TGF and TOF, demonstrating significant reduction in TC genesis and occurrence frequency over the western part of the WNP. This projected feature is qualitatively very similar to recent results reported by Murakami et al. (2012) , who performed a multimodel future projection for the end of this century (2075̶ 2099) using two versions of MRI-AGCM with resolutions of 20 km and 60 km. Quantitatively, the reductions in TGF and TOF are naturally smaller than those for the projection of Murakami et al. (2012) . The mechanisms responsible for these NF changes in TGF are discussed below.
TC genesis and occurrence frequency
Mechanisms of near-future changes in TC genesis
To discuss reasons for the projected reduction of TC genesis in the WNP, we examine global warming impacts on the large-scale environmental conditions that are considered to influence TC genesis. Those favorable for TC genesis include high SST, lower tropospheric cyclonic circulation, weak vertical wind shear, high relative humidity in the lower and middle troposphere, and low atmospheric static stability (Gray 1975) . Maximum potential intensity (MPI), which represents the upper limit of maximum cyclonic wind speed of TCs, has been defined by Emanuel (1998, 2002) as the combined effects of SST and static stability. Higher MPI means more favorable conditions for TC genesis (Emanuel and Nolan 2004) . We investigate the NF changes in ζ850; vertical wind shear, defined as the absolute value of the vector wind difference at 850 and 200 hPa (Vshear =  (u850−u200)
2 ); relative humidity at 700 hPa (Rh700); and MPI. Figure 14 illustrates the PD simulation (left panels) and projected NF changes (right panels) for each factor according to the weighted ensemble mean during July̶November. In the PD climate simulation, TCs are generated more frequently over the area where ζ850, Rh700, and MPI are high and Vshear is low (Figs. 14a̶d and Fig. 2b) .
The projected NF changes in ζ850 indicate significant reduction of the monsoon trough over the western part of the WNP (Fig. 14e) , which would act to suppress TC genesis there. The enhancement of Vshear over the central WNP would also lead to a decrease in TC genesis, although the negative anomalies over the southwestern part of the WNP act in the opposite sense (Fig. 14f) . Rh700 shows significant reduction throughout the WNP basin, which is also unfavorable for TC genesis (Fig. 14g) . In contrast, the change in MPI is favorable for TC genesis, showing significant enhancement over the South China Sea and the northern part of the WNP (Fig. 14h) . Although it is difficult to quantitatively estimate the extent to which environmental factors could decrease TC genesis number, a comparison between Fig. 13a and Figs. 14e̶h indicates that the projected changes in ζ850, Vshear, and Rh700 are likely responsible for the NF reduction in TC genesis.
The cause of these changes in the large-scale fields in the WNP may be explained by the weakening of Walker circulation, as described below. The weighted multimodel ensemble mean projects a statistically significant warming of the entire tropical and subtropical upper ocean in the NF (Fig. 15e) , although Vol. 91, No. 4 Jounal of the Meteorological Society of Japan 446 ). In the NF change, anomalies significant at the 90% confidence level or higher are shaded (two-sided Studentʼs t test). The contour intervals for each variable are (e) 0.2, (f) 0.6, (g) 0.6, and (h) 0.5. The negative contours are dashed, the zero contours are omitted, and scaling for the arrow is given in the lower right corner. the magnitude of this warming is clearly weaker than that in the multimodel climate projection of CMIP3 models for the end of this century (e.g., Fig. 2 in Murakami et al. 2012) . However, the increase in the SST is nonuniform and the eastern tropical Pacific exhibits more pronounced warming. In association with this SST change, projected NF changes in OLR, velocity potential at 200 hPa (χ200), and pressure velocity at 500 hPa (ω500) also exhibit zonally asymmetric changes in the tropical Pacific (Figs. 15f̶  h) , i.e., cumulus convection activities are enhanced over the central and eastern equatorial Pacific but suppressed in the WNP (Fig. 15f) . Consistent with this change, upper tropospheric divergence (convergence) Vol. 91, No. 4 Jounal of the Meteorological Society of Japan 448 fields in the WNP (eastern tropical Pacific) are significantly suppressed (Fig. 15g) , and this suppression is accompanied by middle tropospheric downward (upward) flow anomalies in the WNP (eastern Pacific) (Fig. 15h) . These projected changes in globalscale atmospheric circulation, accompanied by the redistribution of tropical convection activity, can be interpreted as the weakening of Walker circulation. This is consistent with findings from the multimodel climate projections of CMIP3 models (Vecchi and Soden 2007) and historical observations from the last six decades (Tokinaga et al. 2012) . Changes in Walker circulation can have considerable impact on environmental conditions in the WNP. NF changes in the upper and lower tropospheric wind fields exhibit cyclonic and anticyclonic circulation anomalies, respectively, in the WNP (Figs. 14e and  14f ). These can be interpreted as a Rossby wave response to cooling anomalies associated with the suppression of convective activity in the WNP (Fig.  15f) . The atmosphere baroclinic response acts to increase the Vshear anomalies by reinforcing lower tropospheric easterly and upper tropospheric westerly wind over the central WNP (around 140°E, 15°N) (Fig.  14f) . Therefore, the projected reduction of ζ850 over the western part of the WNP and the enhancement of Vshear over the central WNP are likely due to the weakening of Walker circulation. The projected decrease in Rh700 is accompanied by the descending motion anomaly associated with the weakening of Walker circulation (Fig. 15h) . Thus, we conclude that the projected reduction of TC genesis in the WNP is likely due to unfavorable changes in local environmental fields associated with the weakening of Walker circulation. The remote influence of projected eastern tropical Pacific SST warming on TC genesis in the WNP via the weakening of Walker circulation has also been suggested in some previous studies assessing changes in TC activity at the end of this century (e.g., Li et al. 2010; Murakami et al. 2011 Murakami et al. , 2012 .
Summary and discussion
In line with the experimental design for near-term climate prediction toward IPCC AR5 and CMIP5, we have performed ensembles of initialized decadal hindcast and NF projection using three versions of MIROC, a coupled atmosphere̶ocean climate model. In the present study, we explore interannual and multiyear predictability of TC activity in the WNP using the initialized hindcasts. Moreover, we examine global warming impacts (i.e., forced response to global warming) on TC activity in the WNP in the NF using the NF ensemble projection of global warming up to the year 2035. The simulated TC-like disturbances are detected as TCs from six-hourly model outputs. We adopt the multimodel ensemble approach to reduce model biases and the uncertainty of predicted and projected TCs in each model.
On the interannual timescale, our first-year prediction reasonably predicts year-to-year variation in the number of TCs in the WNP basin, and the predictability is more skillful for recent years (i.e., from the late 1990s to 2006). The predictability of interannual variation of TC genesis and occurrence frequency (TGF and TOF) is also examined with respect to ENSO, which has a considerable influence on the mean location of TC genesis in the WNP. Our results indicate that both east̶west contrast of mean genesis location and associated changes in TOF are predictable mainly through better predictions of SST and lower tropospheric large-scale vorticity response. These results indicate that the models can reproduce the major basic mechanisms that link TC genesis with large-scale circulation.
On the multiyear timescale, the skillful prediction of the number of TCs is difficult in the WNP, at least in our hindcast. However, the 1̶3-year prediction starting in the year 1998 reasonably captures the observed major characteristics of TC activity associated with the Pacific climate shift during the late 1990s (CH12), and model initialization improves the prediction skill. The strong relationship between the observed TC activity and the oceanic climate shift suggests that the improvement in SST prediction associated with this shift is responsible for better prediction of multiyear TC activity.
Potential NF change in TC activity is also investigated by future ensemble projection. The mean TC number decreases significantly in all models, even in the NF (2016̶2035), when global warming is less prominent than that at the end of this century. The projected NF changes in TGF and TOF indicate significant reduction of TC genesis and occurrence frequency, particularly over the western part of the WNP. A possible mechanism for the projected reduction in TC genesis is investigated, considering the changes in large-scale environmental conditions that are assumed to influence TC genesis. Although it is difficult to quantitatively estimate the extent to which environmental factors could decrease the TC genesis number, a comparison of the projected pattern with the TGF indicates that the projected changes in lower tropospheric relative vorticity (ζ850), relative humidity (Rh700), and vertical wind shear (Vshear) are August 2013 M. MORI et al. 449
likely responsible for the reduction of TC genesis in the WNP. The models project a statistically significant warming of the entire tropical and subtropical upper ocean in the NF. However, the increase in SST is nonuniform in that the eastern tropical Pacific exhibits more pronounced warming. This change in SST accompanies the weakening of Walker circulation via redistribution of tropical convection activity, which appears to be responsible for changes in environmental conditions (e.g., ζ850, Rh700, and Vshear) in the WNP. Therefore, we conclude that the projected reduction of TC genesis in the WNP is likely due to unfavorable changes in the local environmental fields through the weakening of Walker circulation.
Recently, Villarini and Vecchi (2012) attempted to assess the dominant sources of uncertainty in future projections of TC numbers in the NA by using 17 CMIP5 models. They showed that the NF projection uncertainty arises mainly from internal variability (internal variability uncertainty) and from imperfect knowledge of how the climate system responds to changes in radiative forcing (response uncertainty). Although this assessment targeted the NA, similar features are likely to exist in the WNP. Therefore, uncertainty in internal variability must be reduced to make NF projection more reliable. However, as shown in this study, skillful prediction of TC activity associated with internal variability on multiyear or decadal timescales is likely difficult in the WNP, at least in our hindcast. Therefore, further investigation is required to improve understanding of multiyear or decadal variability in TC activity.
On the other hand, our initialized hindcasts show reasonable predictability of interannual variation in TC activity, particularly that associated with ENSO. This result suggests that our initialization and prediction system could be used for the seasonal prediction of TC activity in the WNP. In the present study, the initial values have been chosen for decadal ensemble prediction; therefore, these initial values are not optimized for seasonal prediction. Thus, it is expected that skillful seasonal prediction of TC activity could be obtained using more appropriate initial values.
